Introduction 31
Filamentous Streptomyces bacteria produce bioactive secondary metabolites that account for more than half of all known 32 antibiotics as well as anticancer, anti-helminthic and immunosuppressant drugs 1, 2 . More than 600 Streptomyces species 33 are known and each encodes between 10 and 50 secondary metabolites but only 25% of these compounds are produced 34 in vitro. As a result, there is huge potential for the discovery of new natural products from Streptomyces and their close 35
relatives. This is revitalizing research into these bacteria and Streptomyces venezuelae has recently emerged as a new 36 model for studying their complex life cycle, in part because of its unusual ability to sporulate to near completion when 37 grown in submerged liquid culture. This means the different tissue types involved in the progression to sporulation can 38 be easily separated and used for tissue specific analyses such as RNA sequencing and chromatin immunoprecipitation 39 and sequencing (RNA-and ChIP-seq) 3, 4 . Streptomyces species are complex bacteria that grow like fungi, forming a 40 branching, feeding substrate mycelium in the soil that differentiates upon nutrient stress into reproductive aerial hyphae 41 that undergo cell division to form spores 5 . Differentiation is closely linked to the production of antibiotics, which are 42 presumed to offer a competitive advantage when nutrients become scarce in the soil. 43
Streptomyces bacteria are well adapted for life in the complex soil environment with more than a quarter of their ~9 Mbp 44 genomes encoding one and two-component signaling pathways that allow them to rapidly sense and respond to changes 45 in their environment 6 . They are facultative aerobes and have multiple systems for dealing with redox, oxidative and 46 nitrosative stress. Most species can survive for long periods in the absence of O 2 , most likely by respiring nitrate, but the 47 molecular details are not known 7 . They deal effectively with nitric oxide (NO) generated either endogenously through 48 nitrate respiration 7 or in some cases from dedicated bacterial NO synthase (bNOS) enzymes 8 or by other NO generating 49 organisms in the soil 9 . We recently characterized NsrR, which is the major bacterial NO stress sensor, in Streptomyces 50
Thus, the [2Fe-2S] cofactor is different to the [4Fe-4S] cofactors in the S. coelicolor and Bacillus subtilis NsrR proteins. 62
The [2Fe-2S] cluster of Sven6563 switches easily between oxidized and reduced states and we provide evidence that this 63 switch controls its DNA binding activity, with holo-RsrR showing highest affinity for DNA in its oxidised state. We 64 have tentatively named the protein RsrR for Redox sensitive response Regulator. ChIP-seq and ChIP-exo analysis 65 allowed us to define the RsrR binding sites on the S. venezuelae genome with RsrR binding to class 1 target genes with 66 an 11-3-11bp inverted repeat motif and class 2 target genes with a single repeat or half site. Class 1 target genes suggest 67 a primary role in regulating NADH/NAD(P)H and glutamate/glutamine metabolism rather than nitrosative stress. The 68 sven6562 gene, which is divergent from rsrR, is the most highly induced transcript, up 5.41-fold (log2), in the ∆ rsrR 69 mutant and encodes a putative NAD(P)+ binding repressor in the NmrA family. Other class 1 target genes are not 70 significantly affected by loss of RsrR suggesting additional levels of regulation, possibly including the divergently 71 expressed Sven6562 (NmrA). Taken together our data suggest that RsrR is a new member of the Rrf2 family and 72 extends the known functions of this superfamily, potentially sensing redox via a [2Fe-2S] cofactor in a mechanism that 73 has only previously been observed in SoxR proteins. 74
75

Results
76
Identifying RsrR target genes in S. venezualae. 77 We previously reported a highly specialized function for the NO-sensing NsrR protein in S. coelicolor. ChIP-seq against 78 contain a single class 1 site and the 107 bp intergenic region between sven6562 and rsrR contains two class 1 binding 89 sites separated by a single base pair. It seems likely that RsrR autoregulates and also regulates the divergent sven6562, 90 which encodes a LysR family regulator with an NmrA-type ligand-binding domain. These domains are predicted to 91 sense redox poise by binding NAD(P)+ but not NAD(P)H 20 . The positions of the two RsrR binding sites relative to the 92 transcript start sites (TSS) of sven6562 and rsrR suggests that RsrR represses transcription of both genes by blocking the 93 RNA polymerase binding site (Supplementary Figure S2 ). Following investigation of RNA-seq expression data 94 (Supplementary data S1) comparing the wild-type and ∆ rsrR strains the only ChIP-seq associated class 1 target with a 95 significantly altered expression profile is sven6562 which is ~5.41-fold (log2) induced by loss of RsrR. We hypothesis 96 that other class 1 targets for which we have RNA-seq data are not significantly affected because they are subject to 97 additional levels of regulation, including perhaps by Sven6562 itself although this remains to be seen. 98
Other class 1 targets include the nuo (NADH dehydrogenase) operon sven4265-78 (nuoA-N) which contains an internal 99 class 1 site upstream of nuoH, the putative NADP+ dependent dehydrogenase Sven1847 and the quinone oxidoreductase 100
Sven5173 which converts quinone and NAD(P)H to hydroquinone and NAD(P)+ (Table 1) . These data suggest a role 101
for RsrR in regulating NAD(P)H metabolism. In addition to the genes involved directly in NADH/NAD(P)H 102 metabolism, class 2 targets include 21 putative transcriptional regulators, genes involved in both primary and secondary 103 metabolism, RNA/DNA replication and modification genes, transporters (mostly small molecule), proteases, amino acid 104 (particularly glutamate and glutamine) metabolism, and a large number of genes with of unknown function 105 (Supplementary data S1). 106 107 Purified RsrR contains a redox active [2Fe-2S] cluster. exposed sample (at a 1:1 ratio with [2Fe-2S] cluster as determined by iron content) resulted in a spectrum very similar to 117 that of the as-isolated protein (Figure 2a ), demonstrating that the cofactor undergoes redox cycling. 118
Because the electronic transitions of iron-sulfur clusters become optically active as a result of the fold of the protein in 119 which they are bound, CD spectra reflect the cluster environment 23 . The near UV-visible CD spectrum of RsrR ( Figure  120 2b) for the as-isolated protein contained three positive (+) features at 303, 385 and 473 nm and negative (-) features at 121 343 and 559 nm. When the protein was exposed to ambient O 2 for 30 min, significant changes in the CD spectrum were 122 observed, with features at (+) 290, 365, 500, 600 nm and (-) 320, 450 and 534 nm ( Figure 2b ). The CD spectra are 123 similar to those reported for Rieske-type [2Fe-2S] clusters 21, 24, 25 To further establish the cofactor that RsrR binds, native ESI-MS was employed. Here, a C-terminal His-tagged form of 135 the protein was ionized in a volatile aqueous buffered solution that enabled it to remain folded with its cofactor bound. 136
The deconvoluted mass spectrum contained several peaks in regions that corresponded to monomer and dimeric forms 137 of the protein, (Supplementary Figure S3 ). In the monomer region ( Figure 3a ), a peak was observed at 17,363 Da, 138 which corresponds to the apo-protein (predicted mass 17363.99 Da), along with adduct peaks at +23 and +64 Da due to 139 Na + (commonly observed in native mass spectra) and most likely two additional sulfurs (Cys residues readily pick up 140 additional sulfurs as persulfides, respectively 26 . A peak was also observed at +176 Da, corresponding to the protein 141 containing a [2Fe-2S] cluster. As for the apo-protein, peaks corresponding to Na + and sulfur adducts of the cluster 142 species were also observed ( Figure 3a ). A significant peak was also detected at +120 Da that corresponds to a break 143 down product of the [2Fe-2S] cluster (from which one iron is missing, FeS 2 ). In the dimer region, the signal to noise is 144 significantly reduced but peaks are still clearly present ( Figure 3b ). The peak at 34,726 Da corresponds to the RsrR to those detected in the monomer region were also observed ( Figure 3b ). Taken together, the data reported here 148 demonstrate that RsrR contains a [2Fe-2S] cluster that can be reversibly cycled between oxidised (+2) and reduced (+1) 149 states. show that DNA-binding occurred in both cases but that the oxidised form bound significantly more tightly. Tight 162 binding could be restored to the reduced RsrR samples by allowing it to re-oxidise in air (data not shown). We cannot 163 rule out that the apparent low affinity DNA binding observed for the reduced sample results from partial re-oxidation of 164 the cluster during the electrophoretic experiment. Nevertheless, the conclusion is unaffected: oxidised, [2Fe-2S] 2+ RsrR 165 is the high affinity DNA-binding form and these results suggest a change in the redox state of the [2Fe-2S] cluster 166 controls the activity of RsrR, something which has only previously been observed for SoxR, a member of the MerR 167 superfamily 27 . Figure 5c ). This suggests that although MEME only calls half sites in most of the RsrR target genes identified by ChIP-179 seq these class 2 targets must contain sufficient sequence information in the other half to enable strong binding by RsrR. ChIP-exo identified 630 binding sites which included the 117 targets identified previously using ChIP-seq. The ChIP-193 exo peaks are on average only ~50bp wide giving much better resolution of the RsrR binding sites at each target. MEME 194 analysis using all 630 ChIP-exo sequences identified the class 2 binding motif in every sequence and we identified 195 transcript start sites (TSS) for 261 of the 630 RsrR target genes using our dRNA-seq data (Supplementary data S1). 196 information is present at class 2 binding sites that increases the strength of DNA binding by RsrR. Six of the class 2 216 targets are involved in glutamate and glutamine metabolism including: sven1561, encoding a Glutamine Synthase (GS) 217 that carries out the ATP dependent conversion of glutamate and ammonium to glutamine 29 , sven1902, encoding a GS 218 adenylyltransferase that carries out the adenylation and deadenylation of GS, reducing or increasing GS activity 219 respectively 30 . sven3711, encoding a protein which results in the liberation of glutamate from glutamine 31 . sven4418, 220 encoding a glutamine fructose-6-phosphate transaminase that carries out the reaction: L-glutamine and D-fructose 6-221 phosphate to L-glutamate and D-glucosamine 6-phosphate 32 . sven4888, encoding a glutamate-1-semialdehyde 222 aminotransferase, which carries out the PLP dependent, reversible reaction of L-glutamate to 1-semialdehyde 5-223 aminolevulinate 33 . Finally, sven7195, encoding a glutamine-dependent asparagine synthase which carries out the ATP 224 dependent transfer of NH 3 from glutamine to aspartate, forming glutamate and asparagine 34 . Glutamate and glutamine 225 are precursors for the production of mycothiol, the actinobacterial equivalent of glutathione, which acts as a cellular 226 reducing agent. Mycothiol also acts as a cellular reserve of cysteine and in the detoxification of redox species and 227 antibiotics 35 . Glutamate is important, as a non-essential amino acid, because it links nitrogen and carbon metabolism in 228 bacteria 36 . Additionally, glutamate acts as a proton sink through its decarboxylation to GABA, which especially under 229 acidic conditions, favorably removes protons from the intracellular milieu 37 . 230
Our data show that the purified RsrR protein contains a [2Fe-2S] cluster, which is stable in the presence of O 2 and can be 231 reversibly cycled between reduced (+1) and oxidized (+2) states. The oxidised [2Fe-2S] 2+ form binds strongly to both class 1 and class 2 binding sequences in vitro, whereas the reduced [2Fe-2S] 1+ form exhibits significantly weaker 233 binding. The binding we did observed is likely due to partial oxidation of the RsrR Fe-S cluster during the EMSA 234 electrophoresis. The cluster free form of RsrR does not bind to DNA at all. Given these observations and the stability of 235 the Fe-S cluster to aerobic conditions, we propose that the activity of RsrR is modulated by the oxidation state of its 236 cluster, becoming activated for DNA binding through oxidation and inactivated through reduction. Exposure to O 2 is 237 sufficient to cause oxidation, but other oxidants may also be important in vivo. The properties of RsrR described here 238 are reminiscent of the E. coli [2Fe-2S] cluster containing transcription factor SoxR, which controls the regulation of 239 another regulator, SoxS, through the oxidation state of its cluster 38 . 240
Due to the number of RsrR regulated transcription factors it is likely that its target genes are subject to multiple 241 levels of regulation. For example, the sven6562 gene, which is divergent from rsrR, encodes a LysR family regulator 242 with an N terminal NmrA-type NAD(P)+ binding domain. NmrA proteins are thought to control redox poise in fungi by 243 sensing the levels of NAD(P), which they can bind, and NAD(P)H, which they cannot 39 . This is intriguing and we 244 propose a model in which reduction of holo-RsrR induces expression of Sven6562 which in turn senses redox poise via 245 the ratio of NAD(P)/NAD(P)H and then modulates expression of its own regulon which likely overlaps with that of 246
RsrR. Clearly there is much to learn about this system and it will be important to define the role of Sven6562 in S. 247 venezuelae in the future. We did not observe any phenotype for the ∆ rsrR mutant and it is no more sensitive to redox 248 active compounds or oxidative stress than wild-type S. venezuelae (not shown). However, this is not surprising given the 249 number of systems in bacteria that deal with reactive nitrogen and oxygen species and redox stress. In Streptomyces 250 species these include catalases, peroxidases 40 and superoxide dismutases 41 carried out following the PCR-targeting method 48 as described previously 49, 50 . Primers JM0109 and JM0110 were used 262 to PCR amplify the apramycin disruption cassette from pIJ773. Cosmid SV-5-F05 was used as the template cosmid. 263
The disruption cosmid (pJM026) was checked by PCR using primers JM0111 and JM0112. Antibiotic marked, double 264 crossover exconjugants, were identified as previously described and confirmed once more with JM0111 and JM0112. 265
The 3x Flag tag copy of rsrR was synthesized by Genescript and subcloned into pMS82 using HindIII/KpnI and 266 To the reaction 150 µl phenol-chloroform was added. Samples were vortexed and centrifuged at full speed for 10 min. 279
The aqueous layer was extracted and purified using the Qiaquick column from Qiagen with a final elution using 50 µl 280 EB buffer (Qiagen). The concentration of samples were determined using Quant-iT™ PicoGreen ® dsDNA Reagent 281 (Invitrogen) or equivalent kit or by nanodrop measurement. 282 DNA sequencing of ChIP-Seq samples was carried out by GATC. ChIP-exo following sonication of lysates 283 was carried out by Peconic LLC (State College, PA) adding an additional exonuclease treatment to the process as 284 previously described 52 . 285
Data analysis was carried out using CLC workbench 8 followed by a manual visual inspection of the data. was washed again with RW1 then treated as described in the manufacturer's instructions. Once eluted from the column, 302 samples were treated using TURBO DNA-free Kit (Ambion) following manufacturer's instructions to remove residual 303
DNA contamination. 304
Data analysis was carried out using the Tuxedo protocal 53 for analysis of gene expression and TSSAR webservice for 305 dRNA transcription start site analysis 54 . In addition a manual visual processing approach was carried out for each. 306 307 308
Purification of RsrR. Apo-RsrR -His was prepared from as isolated holoprotein by aerobic incubation with 1 mM EDTA overnight. 333 334 Spectroscopy and mass spectrometry.
335
UV-visible absorbance measurements were performed using a Jasco V500 spectrometer, and CD spectra were measured 336 with a Jasco J810 spectropolarimeter. EPR measurements were performed at 10 K using a Bruker EMX EPR 337 spectrometer (X-band) equipped with a liquid helium system (Oxford Instruments). Spin concentrations in the protein 338 samples were estimated by double integration of EPR spectra with reference to a 1 mM Cu(II) in 10 mM EDTA standard. 339
For native MS analysis, His-tagged RsrR was exchanged into 250 mM ammonium acetate, pH 8, using PD10 desalting 340 columns (GE Life Sciences), diluted to ~21 µM cluster and infused directly (0.3 mL/h) into the ESI source of a Bruker 341 micrOTOF-QIII mass spectrometer (Bruker Daltonics, Coventry, UK) operating in the positive ion mode. Full mass 342 spectra (m/z 700-3500) were recorded for 5 min. Spectra were combined, processed using the ESI Compass version 1.3 DNA fragments carrying the intergenic region between sven1847 and sven1848 of the S. venezualae chromosome were 349 PCR amplified using S. venezualae genomic DNA with 5' 6-FAM modified primers ( Table 2 ). The PCR products were 350 extracted and purified using a QIAquick gel extraction kit (Qiagen) according to the manufacturer's instructions. Probes 351 were quantitated using a NanoDrop ND2000c. The molecular weights of the double stranded FAM labelled probes were 352 calculated using OligoCalc 57 . Table 3 . List of primers used in this study. Primers JM0119-JM0134 were used to produce EMSA DNA templates that were successfully shifted using purified RsrR and mentioned in the text but the data is not shown as part of the work. Each target has the relative position of ChIP-exo (blue line) peak centre (dotted line) and putative transcriptional start site (TSS -solid arrow) indicated with the distance in bp (black numbers) relative to the down stream start codon of target genes. The y-axis scale corresponds to number of reads for ChIP data with each window corresponding to 200 bp with each ChIP-peak being ~50 bp wide. Above each is the relative binding site sequence coloured following the weblogo scheme (A -red, T -green, C -blue and G -yellow) from the MEME results. Table 3 . List of primers used in this study. Primers JM0119-JM0134 were used to produce EMSA DNA templates that were successfully shifted using purified RsrR and mentioned in the text but the data is not shown as part of the work.
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